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New Physics 
Motivations?

• Electroweak Symmetry Breaking

• Hierarchy Problem

• Dark Matter

• Matter--Anti-Matter Asymmetry

• EWBG--in MSSM very well defined region

• Flavor

• GUTs

• Dark Energy???



Find the Higgs...

• The first step to understanding 
electroweak symmetry breaking is to find 
the Higgs Boson.

• An experimental 
triumph, but will be 
unlikely to drastically 
affect how we think 
about the weak scale.



Beyond the Standard 
Model at the Weak 

Scale

• Hierarchy Problem

• Dark Matter

• In specific scenarios, there are other 
motivations, but these are generic.



Natural Theories?

• Hierarchy Problem:
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Natural Theories?

• Hierarchy Problem:

Motivates most BSM Physics:
•Supersymmetry

•Technicolor
•Little Higgs

LED
•Randall-Sundrum 



Naturalness?

• Two tales:

• Electron Classical Radius 

• Cosmological Constant



E&M Correction to 
Electron
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0.511 = −99999.489 + 100000.000MeV

H. Murayama 
hep-ph/0002232



Positron to the rescue.
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To avoid fine tuning, need something new at 
distances of order 10-13cm



Pion Mass Splitting
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Here, the cutoff is supplied by the mass 
of the rho meson.



Cosmological Constant
• Λ≈(meV)4

• This represents a fine-tuning of 120 orders 
of magnitude.

• Where is the new physics at the meV 
scale?

• Do we really understand fine-tuning?



Will we see positron/
pion story again?

• If so, then we are likely to have a host of 
new particles responsible for softening the 
divergences again.

• Supersymmetry. (stops)

• Little Higgs. 
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Figure 5: Reconstructed mass of the W (inferred from the isolated lepton and missing transverse energy)

and three jets, two of which are required to have an invariant mass consistent with the Higgs mass. The

signal arises from the decay T ht and is shown for a mass of 1000 GeV. The background, shown in cross-

hatching, is dominated by tt production. The signal event rates correspond to !1 !2 1 and a BR T ht

of 25%.
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• G. Azuelos et al. Published in Eur.Phys.J.C39S2:13-24,2005



Naturalness?

If not, what can we expect at the TeV scale?
We should think about things different from Little 

Higgs/Technicolor/SUSY.

But What?



Dark Matter
• Second Motivation For New Physics 

Beyond the Standard Model at the Weak 
Scale:

• Thermal Relic Abundance of Dark Matter

log(nx/s)

mx/T

<σv>high

<σv>low



Dark Matter 

• So the exquisite mesurment of the Dark 
Matter Density (due to WMAP and others) 
points to a weak scale cross section.  

• We already think the weak scale is 
interesting from a particle physics point of 
view.  A cruel coincidence?
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Impossible to overestimate the importance

of discovering DM at the LHC

The most promising LHC result for cosmology is

Dark Matter

Thermal relic density of massive particles

Coincidence or evidence for new physics at the Fermi scale?

T >> M T << MT ! M



Does Dark Matter Guarantee 
Discoveries at Tevatron/LHC?
• No.  

• Simplest possibility: Dark Matter is non-
thermal.  Lee-Weinberg discussions is a 
coincidence.

• Axion.

• What if Lee-Weinberg right?



• A simple possibility that won’t cause the 
champagne to flow in Geneva:

• An n-plet charged under SU(2) with an 
X⇔-X symmetry.

• Gauge Interactions Allow for Annihilation

Simple Weak Scale DarkMatter

A n-plet charged under SU(2) with a X → −X
symmetry.
Gauge interactions allow for annihilation.
(see Strumia, Cirelli, Fornengo, Tamburini)

W

W

X

X’

X

Natural/Unnatural – p.6/23

Strumia, 
Cirelli, 

Fornengo, 
Tamburini



Morale:

• Dark Matter by itself won’t ensure exiciting 
phenomenology.

• SUSY-- good dark matter candidate.

• If Dark Matter is part of a larger structure, 
that has TeV colored particles, then we are 
in business.  Structure could be SUSY/UED/
Little Higgs models designed to solve 
hierarchy problem. What else?



SUSY Scorecard
Successes

Gauge Coupling Unification
Dark Matter

Higgs Fine Tune

Failures
Superpartners?

Higgs Mass
FCNC (b to s gamma)

EDMS?
proton decay (dim 5)

 Gravitinos?

CC



Trouble with Scalars

Murayama and  AP 
hep-ph/0108104

e.g. Gabbiana, et al.
hep-ph/9604387



Gauge Coupling 
Unification

 Scalars (and SM fermions) come in complete GUT 
multiplets don’t contribute to relative running

 Higgsinos, Gauginos, Gauge Bosons, Higgs Bosons are 
responsible for unification.



Split Supersymmetry

• No attempt is made to solve the gauge 
hierarchy problem.

• Prejudice: Supersymmetry has something to 
do with a fundamental theory. 

• New Structure (SUSY) + Dark 
Matter⇒Weak Scale Gauginos 

Dimopoulos, Arkani-
Hamed; Giudice, 

Romanino



Mass Spectrum

Standard 
   Model

Standard Model +
Gauginos and 
Higgsinos

MSSM

SPLIT!



Split SUSY 
• Not only electroweakinos, but Gluinos!

• Due to heavy squark mass, these can have a 
long lifetime, but likely less than a ~second 
due to BBN constraints. (Arvanitaki, Davis, 
Graham, AP, Wacker)
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Stopping Gluinos

 0

 0.5

 1

 1.5

 2

 2.5

 3

 4

Tevatron Velocity Distributions

m = 200 GeV
 3.5

Tevatron Velocity Distributions

m = 300 GeV

velocity

Tevatron Velocity Distributions

m = 400 GeV

1
  
 d

!
  
  

"
!

  
  

0.8 10.60.40.20

d

 0

 0.5

 1

 1.5

 2

 2.5

 3

 4
m = 300 GeV

 3.5 m = 800 GeV

velocity

m = 1100 GeV

0.20

  LHC Velocity Distributions

1
  
 d

!
  
  

"
d

!
  

  

10.60.4 0.8

Figure 2: The distribution of gluino velocities at the LHC (right) and Tevatron (left). In
each case we have shown the distribution for multiple gluino masses. At the Tevatron, we
show mg̃ = 200, 300, 400 GeV as dashed blue, dotted green, and solid black, respectively.
At the LHC, we show the distribution for mg̃ = 300, 800, 1100 GeV as dashed blue, dotted
green, and solid black, respectively.

cross sections arises from physics at distance scales much shorter than those responsible for
the Sommerfeld enhancement. So, it seems reasonable to treat these two contributions as
factorizable. As an approximation, we take:

σ = Es × σLO

∣

∣

∣

µ=0.2mg̃

. (2)

The integrated cross sections for gluino pair production at the Tevatron and the LHC are
shown in in Fig. 1. We have placed the most minimal of cuts, |ηg̃| < 4.

While the cross section for the gluino production is a steeply falling function of the gluino
mass, the number of slowly moving gluinos does not fall quite as steeply. This is because the
velocity distribution skews toward smaller velocities as the mass of the gluino increases. We
show the normalized velocity distribution in Fig. 2. Even for the lightest masses we consider
at the Tevatron, mg̃ = 200 GeV, the gluino is produced with non-relativistic velocities. In
contrast, a 300 GeV gluino at the LHC produced relativistically. Gluinos at the LHC do not
become non-relativistic until masses around 1 TeV.

These distributions change as a function of the pseudo-rapidity, η. There are fast gluinos
in the forward region due to a boost going from the parton center of mass frame to the lab
frame. This trend can be seen in Fig. 3 for a 300 GeV gluino at the LHC. While somewhat
moderated at higher masses, the trend persists. Since only the slowest gluinos will stop,
the stopped gluinos will preferentially be in the central part of the detector. We revisit this
point in Sec. 5.

3 Spectroscopy and Hadronization

After production, gluinos combine with light degrees of freedom to form colorless hadrons.
The mass spectrum of these hadrons will affect the propagation of gluinos through the
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exothermic conversions of R-mesons to R-baryons as the R-hadrons propagate through mat-
ter (see Sec. 4). This seems very likely since the pion is anomalously light due to its pseudo-
Goldstone nature. We will assume this inequality throughout the paper. Because there is
no strange matter in the detector, matter conversion will only produce isodoublet R-baryons
and not isosinglets.

Roughly only O(1%) of the R-hadrons produced directly will be R-baryons or R-anti-
baryons[6]. As we will discuss in the next section, the dominant process for producing slow
R-baryons is conversion of R-mesons in matter, rendering the uncertainty in this initial
hadronization fraction largely irrelevant for determining the fraction of stopped gluinos.

4 Propagation Through Matter

When the R-hadrons are charged, the dominant energy loss is through ionization as described
by the Bethe-Bloch equation. Neutral R-hadrons will not slow appreciably because they have
huge momenta and no long range forces. We will discuss several interactions important for
determining the fraction of the time that the R-hadrons are charged.

4.1 Electromagnetic Energy Loss

Energy loss via ionization will effectively stop non-relativistic charged particles. As discussed
in Sec. 2, a reasonable fraction of the R-hadrons are slow, particularly in the central region.

The Bethe-Bloch formula for the rate of energy loss in matter is:
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where E is the energy of the incident particle; A and Z are the atomic mass and number
of the absorber, respectively; ρ is the mass density of the material; z is the charge of the
incident particle; and me and mp are the masses of the electron and proton respectively. In
the non-relativistic limit, E " mg̃ + 1

2
mg̃v2, and the Bethe-Bloch equation can be recast in

the form
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= −
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)

, (5)

where x0 and κ are material dependent. Parametrically these two constants are given by

x0 ∼
1

αme

mg̃

me

1

4πZα4 log α−1
κ ∼ log α−1. (6)

For iron, setting mg̃ = 500 GeV, these are x0 = 526m and κ = 4.23 (see Table 1 for other
materials).

Insight into the approximate stopping distance can be found by dropping the log v term
in the Bethe-Bloch formula. Integration yields:

x =
x0v4

4

( mg̃

500 GeV

)

. (7)
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Stopping Gluinos

• Stopped Gluinos show up in the detector 
as a jet--- but not from the origin. 

• Gluinos are pair produced.   About 20% of 
the time that one gluino stops, they both 
do.

• Separation between “bangs” give us the 
gluino lifetime.

Also staus as NLSP: Feng/
Smith, Ellis/R, /Raklev/Oye, ...



A Tevatron Result

• hep-ph/07050306 (DZero)
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FIG. 3: Top: The expected and observed upper limits on
the cross section of stopped gluinos, assuming a 100% BR
of g̃→gχ̃0

1 and a small gluino lifetime (<3 hours), for three
choices of the χ̃0

1 mass: 50, 90 and 200 GeV, from left to
right. Bottom: The upper limits observed on the cross sec-
tion of stopped gluinos, for various assumptions of the gluino
lifetime, for a χ̃0

1 mass of 50 GeV. Also shown are the the-
oretical stopped gluino cross sections (dashed lines, shaded
area), from Ref. [4], for the range of assumed conversion cross
sections.

the 95% C.L. a calculated rate of signal events giving
jets of that energy, taking systematic uncertainties into
account using a Bayesian approach (see Table II). This
is a fairly model-independent result, limiting the rate of
any out-of-time mono-jet signal of a given energy.

From the relation between the gluino and χ̃0
1 masses

and the observed jet energy, results can be translated
from the generated set of signal samples to any other set
of (Mg̃,Mχ̃0

1
) which would give the same jet energy. We

can therefore place upper limits on the stopped gluino
cross section vs. the gluino mass, for an assumed χ̃0

1 mass,
assuming a 100% branching fraction for g̃→gχ̃0

1. These
can be compared with the predicted cross sections for
stopped gluinos (which include its production rate and its
probability to stop) taken from Ref. [4]. Three curves are
drawn to represent the large theory uncertainty, resulting
from the variation of the neutral to charged R-hadron
conversion cross section used: 0.3, 3, and 30 mb. Fig. 3
(top) shows these upper limits for χ̃0

1 masses of 50, 90,
and 200 GeV, for a small gluino lifetime, less than 3
hours. If the gluino lifetime is greater than 3 hours, the

average efficiency of the trigger degrades because signal
events are not recorded between accelerator stores, and
the limits become weaker, as shown in Fig. 3 (bottom).

This is the first search for exotic, out-of-time hadronic
energy deposits at a high-energy collider. The results
from 410 pb−1 of Tevatron data are able to exclude a
cross section of ∼1 pb for gluinos stopping in the D0
calorimeter and later decaying into a gluon and neu-
tralino. For a χ̃0

1 mass of 50 GeV, we are able to exclude
Mg̃<270 GeV, assuming a 100% branching fraction for
g̃→gχ̃0

1, a gluino lifetime less than 3 hours, and a neutral
to charged R-hadron conversion cross section of 3 mb.
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Is the weak scale fine-
tuned?

• Most have a top-partner.

• Examples exist (e.g., Thaler and AP) where 
you see a top partner,  (gg to TT to tops + 
missing) but the Higgs is still fine-tuned. 

h h

t



Conclusions

• Tevatron data rolling in-- surprises?

• LHC should deliver us the particle 
responsible for electroweak symmetry 
breaking.

• Naturalness-- implications for 
understanding CC?

• Dark Matter.


